Abstract: This paper presents a double iteration greedy heuristic (DIGH) approach for permanent brachytherapy treatment planning. The DIGH approach adopts a greedy heuristic seed selection (GHSS) procedure to obtain a preliminary plan. In this process, the potential seeds are evaluated according to their ability to irradiate target volume while sparing organs-at-risk (OARs). Their impact on dosimetric homogeneity within target volume is also taken into account. The preliminary treatment plan generated by the GHSS procedure is further refined by the double iteration (DI) procedure. The DI procedure removes the needles containing only one seed (single seed) and implements the GHSS procedure again to obtain a temporary plan. The DI procedure terminates when the needle number of the temporary plan does not decrease. This process is guided by constantly removing the undesired part rather than imposing extra constrains. The efficiency and robustness of the DIGH approach is tested on three kinds of typical patient cases. For these cases, treatment plans are generated in less than 30s. The dosimetric distribution of these treatment plans achieves satisfactory dosimetric distribution. The numbers of used needles are kept within acceptable level. The experimental results demonstrate that the DIGH approach is fast, effective and robust. It has the potential to be used for intraoperative brachytherapy treatment planning in operation room.
Introduction
Permanent brachytherapy has been proven an effective approach for the tumors located in prostate [1] - [4] , thoracic cavity [5] - [8] , head and neck [9] - [11] etc. In the operation, radioactive seeds are directly implanted into target volume via template and puncture needles. The energy emitted by commonly used seeds attenuates rapidly along with the distance. The dosimetric distribution within region of interest (ROI) greatly depends on the positions of implanted seeds. Hence treatment plans, which determine the positions of implanted seeds, directly affects operation outcome. Generally, the goals of treatment planning include: 1. delivering sufficient and homogenous dose to target volume; 2. keeping the dose delivered to organs-at-risk (OARs) below harmful level.
The conventionally manual planning is a trial and error process: feasible plans are obtained by iteratively adjusting the positions of radioactive seeds, which is rather labor-intensive and time-consuming. To address this issue, optimization approaches are introduced to treatment planning. Currently available optimization methods are mainly developed for prostate brachytherapy treatment planning. These methods can be classified into stochastic, deterministic and heuristic approaches.
Stochastic approaches are proposed by J. Pouliot [12] , Y. Yu [13] , [14] and G. Yang [15] et al. These approaches are based on either simulated annealing (SA) or genetic algorithm (GA). Deterministic approaches were reported by E. Lee [16] , [17] and D'souza et al. [18] . Treatment planning is modeled as a mixed integer-programming (MIP) problem. And the problem is solved by branch-and-bound (BB) approach. Heuristic approaches were reported by S. Yoo [19] , [20] , V. Chaswal et al. [21] , [22] . For each step, the potential seeds are evaluated according to its ability to irradiate target volume while spare OARs, and the optimal seed is selected until sufficient dose is delivered to target volume. An isodose surface based constraint is used to prevent selected seed from congregating. In order to limit the number of used needles, S. Yoo confines the search space within existing needles when needle number reaches the predetermined threshold. V. Chaswal defines a penalty function for the seed requiring adding a new needle.
In our previous work [23] , we developed an improved seed evaluation criterion and a flexible strategy to limit the number of puncture needles on the base of S. Yoo's work. In this paper, we adopted a more effective double iteration strategy (DI) to reduce the puncture needles. As this method is more generalized, it is suitable for prostate brachytherapy treatment planning, as well as adenoid and mediastinum planning.
Method and Materials
The double iteration greedy heuristic (DIGH) approach uses a greedy heuristic seed selection (GHSS) procedure to obtain a temporary plan (plan T). Then plan T is refined by the double iteration (DI) procedure. The flowchart is shown in Fig. 1 
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The DIGH approach starts with calculating the average dose delivered to region of interest (ROI) by all the potential seeds. Then the GHSS procedure is implemented. For each step, the potential seeds are assessed by the evaluation criterion (C). The seed with the minimum value is considered as the currently optimal seed. The GHSS procedure terminates based on the current target coverage, which is defined as the percentage of target volume covered by the prescription dose (Dp). The currently optimal seeds are selected until the target coverage is equal to or greater than the predetermined threshold (Ct). When the GHSS procedure terminates, the selected seeds construct plan T, which is further refined by the DI procedure. The DI procedure starts with removing the puncture needles carrying only one seed (single seed) of plan T. Based on the updated dosimetric distribution, a temporary plan is generated after the GHSS procedure is implemented again. Then the needle number of newly obtained plan is compared with previous plan. The DI procedure repeats until the number of puncture needle does not decrease.
Seed Evaluation Criterion
It has been demonstrated that the mean dose delivered to ROIs by one potential seed reflects its ability to irradiate these organs [19] . As the objective is to deliver sufficient and uniform dose to target volume while spare OARs, C is defined as:
where i OAR and T are the mean dose value delivered to OARs and target volume by one seed. i w is the weighting factor for each OAR, which can be adjusted according to its sensitivity. D is dose deviation within target volume after the seed is implanted. The mean dose ratio takes advantage of the prior knowledge about the relative position of potential seed and ROIs. Ranking according to this ratio, potential seeds, which are close to the center of target while far away from OARs, have higher priority to be selected. The weighting factor D excludes possible seeds near selected ones, which acts as a resistant force to prevent seed agglomeration.
Double Iteration
The GHSS procedure does not restrict the number of puncture needles. It is very possible that plan T uses more puncture needles than feasible level. The most unfeasible part of plan T is that the needles carrying only one seed (single seed). The DI strategy aims to replace these single seeds with the ones in the existing needles. The DI procedure starts with removing all single seeds of plan T. Then the dosimetric distribution is updated by subtracting the corresponding dose value. Based on the updated dosimetric distribution, the GHSS procedure is implemented again to generate a temporary plan. The DI procedure repeats until the number of puncture needles does not decrease.
As the GHSS procedure always selects the optimal seed based on current dosimetric distribution, the selected seeds are not necessarily optimal for different dosimetric distribution. The removed single seeds at the beginning stage may not be optimal for the updated dosimetric distribution. On the other hand, the seeds in existing needles are kept and remain valid once selected. The DI process is guided by continuously removing the undesired part from the intermediate solutions rather than imposing extra constraints. Thus puncture needles are reduced without introducing undesired change to dosimetric distribution.
Experiment and Results
We tested the DIGH approach on the data of patients who had prostate, adenoid or mediastinum cancer. The currently available methods are mainly proposed for prostate brachytherapy planning. Among
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currently available methods, the heuristic (YH) method presented in [20] is able to generate a feasible treatment plan using shorter time, and the deterministic (BB) method presented in [18] has the ability to guarantee the quality of treatment plan. So we implemented the two methods using the same patient data for comparison. Note that: we limit the computational time of the BB approach to two hours; otherwise it may take rather long time to complete.
For the case of prostate cancer, the planning image is transrectal ultrasound (TRUS) image with 5mm interval. For adenoid and mediastinum cancer, the planning image is CT image with 2.5mm and 5mm interval, see Table 1 . For prostate brachytherapy, the template is fixed in the anterior-posterior (AP) direction. For adenoid and mediastinum, the direction is lateral, which can to be adjusted to avoid or minimize bone blocking. The sampled voxel spacing (SVS) are also listed in Table 1 . For termination condition, the target coverage is all set to 98% for the three cases. As the energy emitted by radioactive seeds attenuates rapidly along with distance, the dose delivered to surrounding OARs is marginal, especially to those organs which are not contiguous with target, as the case for adenoid and mediastinum. However, for the case of prostate brachytherapy, urethra and rectum locate in the center of and closely adjacent to prostate. The dose delivered to these OARs is directly related with morbidity. Therefore, OARs are taken into account only for prostate treatment planning. The weighting factors of urethra and rectum in evaluation criterion are set to 1.
We used 125 I for all the patients. The seed activity (SA) and Dp are listed in Table 1 . Dose value is computed according to the principle proposed by the Interstitial Collaborative Working Group (ICWG 1990 ) and the American association of physicists in medicine (AAPM Task Group 43) [24] , [25] .
We adopt a series of critical parameters to assess the dosimetric distribution of treatment plans. For prostate treatment plan, these parameters are selected according to the criteria recommended by AAPM [3] . For adenoid and mediastinum treatment plans, evaluation parameters include D100, D90, V100 and DNR. Besides, the dose volume histogram (DVH), seed and dosimetric distribution on each slice are also shown for evaluation.
Prostate Treatment Plan
The primary criteria for treatment planning recommended by AAPM [3] are listed in Table 2 . D90, D10 and D2cc are defined as the minimum dose in the "hottest" certain percentage (90% and 10%) or certain size (2cc) of the volume. For target volume, if P100 is greater than 95%, D90 will be surely greater than Dp [3] . The two criteria are equivalent to each other. To evaluate the dosimetric distribution more comprehensively, we also calculated the following critical parameters:  DNR: dose non-uniformity ratio, defined as the ratio of target volume covered by 150% (V150) to 100% (V100) Dp [26] ;
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 The percentage of urethra volume covered by 120% Dp (V120);  The percentage of rectum volume covered by 80% Dp (V80). These critical parameters along with needle and seed numbers, computational time are all listed in Table  3 . Fig. 2 shows the DVHs of prostate, urethra and rectum. Fig. 3 demonstrates the dosimetric distribution and seed configuration on each slice. The unit of D90, D10 and D2cc is Gy, and the unit of V100, V120 and V80 is %. The unit of time is second. The unit of volume is cc. Without specially denoted, the parameters appeared in the following tables use the same unit. Fig. 2 . The DVH of the treatment plan generated by the DIGH approach for patient 1. Rectum urethra and prostate DVHs are depicted in green, blue and red respectively.
Compared with the YH approach, the DIGH approach yields better treatment plan in a shorter time. Compared with the BB approach, the DIGH plans achieve much better homogeneity. The BB approach protects OARs more effectively. However, the most obvious obstacle of using the BB approach for treatment planning the computational time. In [18] , the approach is implemented using the 2D data. The computational time is 20-45 minutes, and it would be much longer if 3D data is used. In [20] , the computational time is limited to 2 hours. The BB approach fails to generate treatment plans for two out of ten patent. Although, the hardware and the algorithm have been greatly improved since then, we assert it is very difficult to get a feasible treatment plan using the BB approach within several minutes. Fig. 3 . Seed and dosimetric distribution of the treatment plan generated by the DIGH approach for patient 1. Target and OARs are depicted in solid lines on white background. The isodose lines of 100%, 120% and 150% Dp are depicted in green, blue and red, respectively. The selected seeds are marked by solid dots.
Adenoid Treatment Plan
For adenoid brachytherapy, the problem of bone blocking has to be taken into account. The direction of template needs to be adjusted, and the unfeasible seeds blocked by bones needs to be eliminated. Fig. 4 demonstrates the target contour, which is outlined by magenta solid line on one slice, potential seeds in yellow and the unfeasible seeds in red. The DIGH approach starts after the direction of template is determined and the unfeasible seeds are removed. Fig . 5 . The target DVH of the treatment plan generated by the DIGH approach for patient 1. Fig. 6 . Seed and dosimetric distribution of the treatment plan generated by the DIGH approach for patient 1. Target contour is outlined in magenta solid line. The isodose lines of 100% and 120% Dp are depicted in green and blue, respectively. The selected seeds are marked by solid dots.
As discussed before, OARs are not taken into account during treatment planning. The dosimetric distribution parameters along with computational time, seed and needle numbers are listed in Table 4 . Compared with prostate plan, the dose delivered to target volume is more homogeneous. Target volume receiving higher dose is much smaller because of the absence of OARs. As shown in Fig. 5 , the DVH curve of target volume drops more quickly. Because target volume is larger and more irregular, adenoid treatment plan uses more seeds and puncture needles, and the computational time is also longer.
The space of puncture holes on template is 5mm, and the interval between image slices is 2.5mm. Thus the seeds are distributed on every other slice, see Fig. 6 . As the V150 is rather small, the isodose line of 150% Dp is not shown.
Despite of the irregularity of target volume, the treatment plan obtained by DIGH approach achieves satisfactory dosimetric distribution, and the DI strategy is also effective on decreasing puncture needles.
Mediastinum Treatment Plan
The issue of whether it is suitable to treat mediastinum tumor by brachytherapy will not be discussed in this paper. As the target volume of mediastinum tumor is extremely large, we use this typical patient case to test the robustness of the DIGH approach. Fig. 7 . Adjacent four CT slices of the mediastinum tumor. Fig. 7 shows the adjacent four slices, in which target volume is outlined by magenta solid line. Because of rib structure, the blocked direction is wide, and the remaining potential seeds after eliminating sheltered seeds are rather few, which are not able to deliver sufficient dose to target volume. And it is inevitable to puncture these blocking ribs when necessary. Therefore the issue of rib blocking is not considered during planning. Fig. 8 . The target DVH of the treatment plan generated by the DIGH approach for patient 1. Fig. 9 . Seed and dosimetric distribution of the treatment plan generated by the DIGH approach for patient 1.
Target contour is outlined in magenta solid line. The isodose lines of 100% and 120% Dp are depicted in green and blue, respectively. The selected seeds are marked by solid dots. As we discussed before, OARs is also not considered. The DIGH starts after the direction of template is determined. Dosimetric distribution parameters, needle and seed numbers of treatment plan are listed in Table 5 . DVH of target volume is shown in Fig. 8 . Dosimetric and seed distribution is demonstrated in Fig. 9 .
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The data and figures indicate that the treatment plan achieves satisfactory conformity and homogeneity, which caters to clinical demands. Considering the large volume of target, seed and needle numbers are also acceptable.
Conclusion and Discussion
All these treatment plans generated by the DIGH plan achieve satisfactory dosimetric distribution. And the seeds and puncture needles are kept within acceptable level. Computational time of the DIGH approach is proportional to target volume. For the largest one, the computational time is no longer than 30s. Therefore the DIGH is potential for intraoperative planning. Since the DIGH approach is effective for the patient cases of closely adjacent OARs, irregular or extreme large volume target, it is reasonable to assume the approach is potential for more generalized treatment planning of other parts.
To sum up, the most creative part of the DIGH approach is that the clinical considerations about the dosimetric distribution of treatment plans are reasonably "translated" into the seed evaluation criterion. The criterion takes advantage of the prior knowledge about the relative position between the potential seed and critical organs, which makes it possible to generate a feasible treatment plan quickly.
The double iteration strategy is another innovation of the DIGH approach. Based on the feature of heuristic approach, the DI strategy effectively decreases puncture needles without sacrificing the quality of treatment plan.
Due to the issue of bone blocking, the direction of template needs to be adjusted and unfeasible seeds needs to be eliminated before applying the DIGH approach. Our future work is to detect these bones and then determine the optimal template direction and remove the unfeasible seeds based on optimization goals. Also more patient cases will be investigated to further test the DIGH approach in our subsequent work. The needle number of treatment plan is another our concern. Although the needle number is acceptable, we consider it possible to further reduce puncture needles to improve feasibility.
